Several studies have demonstrated that the mammalian retina contains an autonomous circadian clock. Dopaminergic and other inner retinal neurons express many of the clock genes, whereas some of these genes seem to be absent from the photoreceptors. This observation has led to the suggestion that in mammalian retina the circadian pacemaker driving retinal rhythms is located in the inner nuclear layer. However, other evidence points to the photoreceptor layer as the site of the mammalian retinal clock. The goal of the present study was to demonstrate the presence of a functional circadian clock in photoreceptors. First, using laser capture microdissection and reverse transcriptase-polymerase chain reaction, we investigated which of the clock genes are expressed in rat photoreceptors. We then prepared photoreceptor layer cultures from the retina to test whether these isolated cultures were viable and could drive circadian rhythms. Our data indicated that Per1, Per3, Cry1, Cry2, Clock, Bmal1, Rev-erb␣, and Rora RNAs were present in the photoreceptors, whereas we were unable to amplify mRNA for Per2 and Npas2. Photoreceptor layers obtained from Period1-luciferase rats expressed a robust circadian rhythm in bioluminescence and melatonin synthesis. These results demonstrate that mammalian photoreceptors contain the circadian pacemaker driving rhythmic melatonin synthesis. 
Several studies have demonstrated that the mammalian retina contains an intrinsic circadian clock that controls melatonin synthesis and many other retinal functions (1, 2) . Cultured mammalian retina shows a clear circadian rhythm in melatonin release (3) (4) (5) , and some of the retinal circadian rhythms may persist in animals in which the suprachiasmatic nuclei of the hypothalamus have been lesioned (6, 7) .
The regulation of melatonin levels primarily depends on arylalkylamine N-acetyltransferase (Aanat) transcription and enzyme activity. Several studies have focused on the mechanisms that regulate this enzyme. Retinal Aanat mRNA levels show marked day-night and circadian variations in rat and in mouse (8, 9) , and the mRNA for the enzyme has been localized to the photoreceptor layer (PRL; 10, 11) . Moreover, Aanat transcription in the photoreceptors is under direct control of the circadian clock via the action of the CLOCK: BMAL1 complex on the E-box contained in the proximal promoter of the gene (12, 13) .
Melatonin and dopamine (DA) play opposing roles in the regulation of retinal adaptive physiology. DA functions as a humoral signal for light, producing light-adaptive physiology. Melatonin, on the other hand, has dark-adaptive effects. In many species, the synthesis and release of both melatonin and dopamine are under circadian control, with melatonin released at night and dopamine during the daytime. Thus, the melatonin-secreting photoreceptors and dopamine-secreting amacrine and interplexiform cells form a cellular feedback loop functioning to regulate circadian retinal physiology (1, 2) .
Recent studies have suggested that DA is the key player in the control of retinal circadian rhythmicity since dopaminergic neurons express several clock genes (14, 15) . Furthermore, a recent study (16) has reported that individual horizontal, bipolar, amacrine, and ganglion cells, but not photoreceptors, express six of the core clock genes. These findings support the hypothesis that dopaminergic amacrine cells may contain an autonomous circadian clock that drives DA release and thus retinal rhythmicity. However, it must be noted that retinal DA content and metabolism are circadian in mice that synthesize melatonin but not in mice that are genetically incapable of synthesizing melatonin (17, 18) , and daily injections of melatonin induce circadian rhythms of DA in retinas of mice that are unable to synthesize melatonin (18) . Furthermore, removal of the rhythmic dopaminergic signal did not abolish the in vivo circadian rhythm of Aanat mRNA in photoreceptors of the rat retina (19) . In the present study, we demonstrate that the isolated mammalian PRL contains an autonomous circadian oscillator, capable of driving Period1 (Per1) gene expression and melatonin synthesis in the absence of inner retina input.
MATERIALS AND METHODS

Animals and tissue collection
Wistar rats (Jackson laboratories, Bar Harbor, ME, USA) and Per1-luciferase (Per1-luc) rats (gift of Dr. Menaker, University of Virginia) were raised from birth at Morehouse School of Medicine in a 12 h light-12 h dark (LD) cycle of illumination with light (250 Lux) on from Zeitgeber Time (ZT) 0 -12. Food and water were available ad libitum. All procedures were approved by the Morehouse School of Medicine Institutional Animal Care and Use Committee.
Laser capture microdissection of photoreceptor cells
Whole eyes were embedded in OCT (Tissue-Tek, Torrance, CA, USA), frozen on dry ice, and stored at Ϫ80°C. Frozen tissues were cut at 8 m thickness and mounted on uncharged glass slides (VWR Scientific, West Chester, PA, USA). The frozen sections were thawed for 30 s and fixed in 75% ethanol for 30 s followed by a wash in RNase-free water for 30 s. The sections were stained with HistoGene (Arcturus Engineering, Mountain View, CA, USA) staining solutions for 15 s followed by a wash with RNase-free water for 30 s. The sections were dehydrated in graded ethanol solutions (75%, 30 s; 95%, 30 s; 100%, 30 s) and cleared in xylene (5 min). After being air dried for 30 min, the slides were kept in a vacuum desiccator for a minimum of 2 h. Laser capture was performed by lifting the outer nuclear layer and inner segments of photoreceptor cells onto HS-CapSure noncontact laser capture microdissection film using a PixCell IIe laser capture microdissection (LCM) system (Arcturus Engineering). Total RNA was extracted from the captured cells using the PicoPure RNA Isolation Kit (Arcturus Engineering). Samples were then reverse transcribed and subjected to reverse transciptase-polymerase chain reaction (RT-PCR) analysis. Details about the primers used are reported by Kamphuis et al. (20) .
Preparation of the PRLs
Adult rats received a 5 l (200 nmol) intraocular injection of kainic acid (KA; Sigma, St. Louis, MO, USA) in sterile saline (pH 7.4) with a Hamilton microsyringe. Animals were euthanized 48 h after the injection. Eyeballs were immediately removed, and eyecups were prepared. The eyecups were filled with a solution containing distilled water and 1% Triton X-100, after 1 min this solution was removed from the eyecup and replaced with distilled water, and then after 1 min the water was removed and replaced with Dulbecco's modified Eagle's medium (DMEM) and placed in a refrigerator at 4°C for 30 -40 min. This treatment allows the separation and removal of the remaining damaged inner retina from the photoreceptors (21) .
To verify the purity of our preparation, PRLs (nϭ4) were subjected to molecular analysis using common markers for inner retinal neurons and ganglion cells. Samples were reverse transcribed and subjected to RT-PCR using the following primers: tyrosine hydroxylase (Th; Genbank accession number M10244) forward 5Ј-cagggctgctgtcttcctac-3Ј and reverse 5Ј-gggctgtccagtacgtcaat-3Ј (247 bp product); glutamic acid decarboxylase (Gad65; Genbank accession number M72422) forward 5Ј-cgcactgccaaacaactcta-3Ј and reverse 5Ј-caggggcgatctcataggta-3Ј (153 bp product); rhodopsin (Rho, Genbank accession number NM033441) forward 5Ј-gcagtgttcatgtgggattg-3Ј and reverse 5Јctgccttctgagtggtagcc-3Ј (191 bp product); short wavelength opsin (SWL or blue cone, Genbank accession number AF051163) forward 5Ј-gtaccacattgctcccgtct-3Ј and reverse 5Ј-agacctgctacagagcccaa-3Ј (282 bp product); and Thy-1 (Genbank accession number X03150) forward 5Ј-gagggcgactacatgtgtga-3Ј and reverse 5Ј-aggaaggagagggaaagcag-3Ј (164 bp product).
Bioluminescence recording
Per1-luc rats were anesthetized with CO 2 and decapitated. The PRL (prepared as described above) or the whole retinas were explanted from the eyeball and cultured in a 35 mm petri dish with 1.2 ml culture medium [serum-free, low sodium bicarbonate, no phenol red, and DMEM (D2902-10ϫ1L, Sigma)] supplemented with 10 mM HEPES (pH 7.2), B27 (2%; 17504 -044, Life Technologies, Inc., Gaithersburg, MD, USA), and 0.1 mM luciferin (beetle luciferin, potassium salt, Molecular Imaging Products) and antibiotics (25 U/ml penicillin and 25 g/ml streptomycin). No change of medium occurred during the whole duration of the experiment. Bioluminescence in the PRLs was measured with Lumicycle (Actimetrics, Evanston, IL, USA). The device was maintained in a light-tight incubator at 36°C and interfaced to a PC for continuous data acquisition (22, 23) .
Data analysis
Lumicycle files were exported for analysis using Origin software. Rhythms were plotted following a standard detrending procedure whereby the 24 h running mean was subtracted from the raw data to remove baseline drift that can mask the circadian rhythm. The data were then smoothed with a 2 h running mean. Daily peaks were identified by the software using a local maximum (22) .
Culture of PRLs and melatonin measurement
PRLs were gently removed from the eyecup and placed in Transwell culture system and cultured with DMEM plus antibiotics (10 U/ml penicillin and 10 g/ml streptomycin). The PRLs were individually cultured in an incubator (95% O 2 and 5% CO 2 ) at 36°C for 5 days in constant darkness. To increase melatonin production, 10 M of 5-HT (Sigma) were added to the medium. PRLs were prepared in the morning and placed in the incubators around 1:00 -2:00 pm; just before 7:00 pm the culturing medium was changed and the PRLs were placed in complete darkness for the following 5 days. On the day of the sampling (i.e., on the 1st, 3rd, and 5th days of culture), the medium was replaced every 12 h starting at circadian time (CT) 0 (i.e., the time of the expected light onset). The sampling of the medium was carried out under red dim light (Ͻ3 lux, lower wavelength cutoff at 640 nm). Melatonin levels were measured by radio-immunoassay as described previously (3) (4) (5) .
RESULTS
Expression of clock genes in the photoreceptors
To resolve this important issue, we collected photoreceptor cells from rat retina using laser capture micro-dissection to investigate the expression of Per1, Period2 (Per2), Period3 (Per3), Cryptochrome1 (Cry1), Cryptochrome2 (Cry2), Clock, Bmal1, Npas2, and Rev-erb␣ (Rora), by RT-PCR. Transcripts for all these genes were amplified from the entire retina (Fig. 1C) , whereas in the photoreceptors we amplified mRNAs for Per1, Per3, Cry1, Cry2, Clock, Bmal1, Rev-erb␣, and Rora but not for Per2 and Npas2 (Fig. 1D) . Such a result indicates that the key components of the molecular clock are present in the photoreceptor cells. Specific photoreceptor markers for such as Rho and SWL opsin mRNAs were also amplified from these samples (Fig. 1E, F ). Figure 2B , D shows the molecular analysis of the PRLs using common markers for photoreceptors, inner retinal neurons and ganglion cells such as Rho, Th, Gad65, and Thy-1 mRNA. All these mRNAs were amplified in whole retina (Fig. 2B) , whereas only Rho mRNA was amplified in the PRLs (Fig. 2D) .
PRLs
Per1-luc rhythms in the intact retina and in PRLs
We then investigated if these PRLs were viable and could drive circadian rhythms. We cultured intact retinas and PRLs from Per1-luc rats at 5 wk of age to measure bioluminescence rhythms in vitro. As shown in Fig. 3 , intact retinas were mostly arrhythmic (nϭ16, top panel) or showed a low amplitude circadian rhythm (nϭ4, tϭ22.3Ϯ0.63 se, middle panel). In contrast, all the PRLs tested (nϭ5) expressed a robust circadian rhythm (nϭ5, ϭ23.0Ϯ0.47 se, bottom panel). Interestingly, we also observed that the peak phase of the Per1-luc rhythm in the PRLs (CTϭ9.1Ϯ021) was significantly advanced (t test, PϽ0.001) with respect to what we observed in the few rhythmic retinas (CTϭ16.6Ϯ1.43).
Melatonin synthesis in PRLs
Previous studies have shown that melatonin synthesis is rhythmic in cultured mammalian retina (3-5) and in PRLs obtained from Xenopus laevis (21) . Therefore, we decided to investigate whether mammalian PRLs were capable of rhythmic melatonin synthesis when cultured in constant darkness. As shown in Fig. 4 , PRLs synthesized melatonin in a rhythmic fashion for 5 days. As expected, melatonin levels were significantly higher during the subjective night than during the day (t tests, PϽ0.01 in all cases). Such a result directly demonstrates that the circadian pacemaker located in the photoreceptors is responsible for driving the circadian rhythm in melatonin synthesis.
DISCUSSION
The presence of a circadian clock within the mammalian retina has been reported by a series of in vivo and in vitro studies (3-7, 9, 16) . In nonmammalian vertebrates, several studies have established that a circadian clock system is present in the photoreceptors (21, 24) . In mammals, although a few studies have provided compelling evidence suggesting that mammalian photoreceptors contain a circadian clock (9, (12) (13) 19) , a direct demonstration of a circadian clock in mammalian photoreceptors is missing. The data reported here constitute the first direct demonstration that mammalian photoreceptors contain the circadian clock that drives rhythmic melatonin synthesis.
A few studies have investigated the distribution of clock genes in the rat and mouse retina. In the rat, with the use of in situ hybridization Per1 transcripts were detected (but with a low level) in the photoreceptors, whereas Per2 transcripts were present in the inner nuclear layer and ganglion cell layer (25) but not in PRL. Our data agree well with these results, since we detected Per1 mRNA, but not Per2, in the photoreceptors (Fig. 1D) .
Early studies in the mouse reported that Per1, Bmal1, and Clock transcripts were present in the photoreceptors (26), whereas Cry1 and Cry2 transcripts were not detectable in the outer nuclear layer of mice (27) . More recently, a series of contradictory results have been reported with respect to Per1 and Cry2 distribution in the retina. Witkovsky et al., (15) and Garcia-Fernandez et al., (28) reported that Per1 mRNA and protein are absent from the photoreceptors, whereas Yujnovsky et al., (29) and Dinet et al., (30) observed Per1 transcripts and immunoreactivity in the photoreceptors. Recently, CRY2 immunoreactivity in the photoreceptors has been also reported (30) .
In the last few years, several studies have shown that LCM is a powerful and very reliable method to investigate the presence of specific mRNA in retinal layers and/or cells (11, (31) (32) . Therefore, we decided to use this technique to investigate which of the clock genes are expressed in the photoreceptor cells to provide some definitive answers about which of the clock genes are expressed in the photoreceptors. Our data indicate that the transcripts for all the clock genes, except for Per2 and Npas2, are present in the photoreceptors, thus indicating that most of the molecular components of the circadian clock are present in these cells.
Previous studies have reported that intravitreal injection of KA causes excitotoxic cell death of several Figure 4 . Melatonin levels in PRLs (nϭ6) showed a significant variation between subjective day and subjective night (t tests, PϽ0.01 in all cases). In this experiment, medium was replaced every 12 h. classes of neurons in the inner retina but spares photoreceptors (33) . However, it is worthwhile to mention that retinal ganglion cells are less sensitive to KA treatment since ϳ50% of the retinal ganglion cells survive KA treatment (33, 34) . In our new preparation, we have combined this experimental approach with the technique developed by Cahill and Besharse (21) to obtain PRLs. Indeed, our histological and molecular analysis indicated that the PRLs obtained with this new procedure are not likely to contain viable ganglion cells and/or inner retinal neurons (Fig. 2C, D) .
A series of recent studies have shown that a circadian clock is also present in the inner retina. Circadian rhythms in the dopaminergic and melatonergic systems are present in rats with dystrophic retina (5, 35) , and mouse inner retinal neurons coexpress mRNA for several clock genes (15) (16) . Finally, a very recent study (16) has reported a circadian rhythm in the retina of mPer2::LUC expression in animals with almost no photoreceptors. These results, together with the data reported here, establish the presence of at least two different circadian clock systems in the mammalian retina. The presence of multiple circadian clocks within the vertebrate retina has also been observed in the chicken (36) .
An intriguing aspect of our data is the observation that intact retinas show a very low amplitude rhythm or no rhythm at all in Per1-luc bioluminescence. These data are consistent with what has been reported in Per2::Luc mice (16) . Conversely, a clear circadian rhythm in cultured mice and rat retina is present in melatonin levels (5) . Such a discrepancy can be easily explained by the fact that Per1 and Per2 transcripts are expressed in more than one retinal layer and therefore it is likely that the Per1-luc, or the mPer2::LUC, bioluminescence levels represent the expression of the multiple clocks that are present in the retina (5, 16) . This is supported by our results with Per1-luc PRL in which we observed that the phase of the PRL rhythms was significantly different from the phase of the few rhythmic whole retinas (Fig. 3) . Further support is provided by recently published data (19) in which a significant change in the phase of Per1 mRNA was observed once the inner retina has been damaged. Such a problem is not present when the output measured is represented by melatonin, since this hormone, under normal conditions, is almost exclusively synthesized in the photoreceptors (11) .
Since Aanat and Per1 transcription in rat photoreceptors is under the control of the circadian clock via the action of the CLOCK:BMAL1 complex (13), it is likely that changes in the circadian control of Per1 transcription will be also observed in Aanat regulation. Indeed, a previous study (19) reported that phase of the circadian rhythm in Aanat mRNA is advanced (ϳ6-h) in rats in which the inner retina has been removed. This observation suggests that although PRLs contain the circadian pacemaker driving the melatonin synthesis, some interaction must exist between the photoreceptor and the inner retinal clocks and this relationship seems to be important to set the phase of the clock in the photoreceptors (5, 19) .
Melatonin and DA play opposing roles in the regulation of retinal adaptive physiology (1) (2) . Melatonin inhibits the release of DA through an action on melatonin receptors (37) (38) (39) (40) , and dopamine inhibits the synthesis and release of melatonin from photoreceptor cells by acting on D2-like dopamine receptors (41) (42) (43) (44) . Thus, the melatonin-secreting photoreceptors and DAsecreting inner retinal neurons form a cellular feedback loop functioning to regulate circadian retinal physiology. Additional experimental evidence suggests that melatonin is the key player in the generation of the circadian rhythms in the dopaminergic system since retinal dopamine levels show a circadian rhythm in mice that synthesizes melatonin (17) but not in mouse strains that are genetically unable to synthesize melatonin (17, 18) . Furthermore, dopamine rhythmicity in goldfish retina is abolished in retinas cultured in the presence of melatonin or of the melatonin antagonist luzindole (40) . Hence, these results indicate that rhythmic melatonin is required for the circadian rhythm in dopamine. Our results (Fig. 4) demonstrate that in the rat rhythmic melatonin synthesis persists in cultured PRLs and therefore it must be concluded that clock driving melatonin synthesis is located within the photoreceptors.
In conclusion, our study provides clear and compelling evidence demonstrating that the mammalian photoreceptor contains a circadian clock controlling melatonin synthesis. This preparation can provide a unique model in which the mechanisms that generate the circadian oscillation, the pathways of entrainment, and the mechanisms by which the clock controls circadian outputs all within a single preparation can be studied.
